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ABSTRACT 

A survey is presented of the reduced gravity fluid management tech- 
nology program sponsored by the Lewis Research Center (LeRC) over the 
past decade. The work was conducted both under contract and in-house. 

The in-house studies used scale model propellant tanks in drop towers 
that provided up to 5 seconds of reduced gravity test time. Most of the 
program effort yielded information on the solution of reduced gravity 
fluid management problems in general with a few studies pointed specifi- 
cally at the improvement of the Centaur vehicle. 

These studies at the LeRC are now shifting from the utilization of 
in-house experimental facilities to the development of Spacelab experi- 
ments. The Cryogenic Fluid Management Experiment, currently undergoing 
detailed design, will provide an orbital evaluation of a subcritical liq- 
uid hydrogen storage and supply system as part of the Shuttle/Spacelab 
program. An experiment to study orbital transfer of liquids and a Space- 
lab facility capable of housing multiple fluid dynamic and heat transfer 
experiments are presently being planned. Contractual efforts are con- 
tinuing to analytically evaluate propellant management systems for both 
low and high thrust Orbit Transfer Propulsion Systems and to develop com- 
puter techniques for simulating reduced gravity fluid dynamic processes. 

INTRODUCTION 

Approximately 20 years ago the Lewis Research Center (LeRC) initiated 
a research program intended to provide the technology base for the design 
and operation of fluid systems in the reduced gravity environment of space. 
The early emphasis of this program involved the use of small transparent 
tanks and the LeRC drop tower to experimentally study the behavior of liq- 
uid-vapor interfaces in response to changes in gravity level, disturbances 
and liquid draining from the tank. Particular attention was placed on 
identifying dimensionless parameters which characterized the fluid phenom- 
ena observed and allowed the prediction of fluid behavior in full size 
spacecraft tankage. 

During the early 60s the Centaur vehicle development effort was trans- 
ferred to the LeRC. In support of this project, experiments were conducted 
to assist in the improvement of the Centaur; specifically, studies of 
propellant sloshing, settling and draining in Centaur configuration tank 
models were undertaken. Also, the use of cryogenic propellants, liquid 
hydrogen and oxygen, in the Centaur vehicle triggered an interest in the 
improvement of thermal control systems both for the Centaur and for ad- 
vanced chemical propulsion systems. Both in-house and contractual efforts 
were initiated to develop filament wound feed lines and tank supports, mult 
layer insulation, shadow shields, light-weight vacuum jackets and tank pres 
sure control techniques. 
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The LeRC reduced gravity fluid management program was subsequently 
enhanced by the construction of the Zero-Gravity Facility which Increased 
the available test time from 2.2 to 5.1 seconds. The experimental program 
was expanded to include studies of liquid-vapor Interface configuration, 
sloshing and settling In a variety of tank sizes and shapes. In addition, 
liquid flow Into tanks, the use of baffles to reduce liquid residuals during 
outflow boiling, venting, bubble motion and the impingement of gas Jets on 
iiqu! i iurfaces were experimentally examined. 


In May 1971* the LeRC initiated a contract with General Dynamics Convair 
to perform a "Low-G Fluid Transfer Technology Study." The first task of 
this effort involved an extensive literature search, screening, and compl la- 


fluid behavior, cryogenic 
Approximately AO percent 


tion of document summaries in the areas of low-g 
thermal control,^ and fluid management systems. ** 
of the documents summarized describe work either performed at or sponsored 
by LeRC. This paper presents a review cf the LeRC reduced gravity fluid 
management program using these document summaries as a starting point. 


The current emphasis of the LeRC program and, thus, the emphasis for 
this paper, is directed toward the development of technology for the design 
of fluid management systems including liquid acquisition, thermal control 
of cryogenic tankage and fluid transfer. This is not intended to be an ex- 
haustive review but rather a broad treatment to acquaint the reader with the 
LeRC fluid management program and the general state-of-the-art. Many of the 
references cited contain extensive bibliographies with which particular sub- 
jects may be pursued in more detail. 


LIQUID ACQUISITION 


The obvious starting point for any study of liquid acquisition or posi- 
tioning is an understanding of low-g fluid behavior. The low-g fluid behav- 
ior technology area is adequately summarized In reference 2 with the excep- 
tion of the recent mathematical and computational work of Dr. Paul Concus. 
These studies provided an analytical prediction of liquid-vapor interface 
configuration, 5 stability^ and a software package for calculating axlsym- 
metric liquid-vapor interface configuration as a function of container shape 
and acceleration envi ronment . 7 


The objective of the liquid acquisition portion of the LeRC fluid man- 
agement program is to develop the technology necessary for positioning liq- 
uid and vapor within a tank in reduced gravity to enable liquid outflow or 
vapor venting. Liquid acquisition techniques can be divided into two general 
categories : 

1. Active liquid acquisition by the creation of a positive acceleration 
environment resulting from the propulsive thrust of small rocket engines. 

2. Passive liquid acquisition utilizing the liquid capillary forces by 
using solid baffles or liquid traps made of fine mesh screen material. 

ACT I VE - PROPULSIVE SETTLING 


Most NASA liquid propellant upper stages have used or are using settling 
rockets to position propellants prior to venting or main engine start. The 
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criteria for sizing the settling rockets was based on early drop tower 
programs that studied liquid-vapor interface stability and liquid settling 
phenomena. “>9 Reference 9 established that liquid rebounding or geyserlng 
and liquid circulation can occur during the settling process causing very 
low rates of liquid collection. A later experimental program’^ using scale 
model Centaur tanks simulated the real vehicle acceleration environment and 
established liquid settling times as a function of the tank fill level. A 
numerical code utilizing the marker and cell technique" has been developed 
to simulate both settling of propellants by intermittent thrust and contin- 
uous thrust in the Centaur vehicle. 

The large safety factors generally applied to the selection of settling 
rocket thrust level and duration yield corresponding large hardware and pro- 
pellant weight penalties. Utilizing an existing empirical analysis and 
data obtained from earlier LeRC drop-tower programs, Sumner'^ developed es- 
timates of the minimum velocity Increment required to achieve liquid reori- 
entation. The results of this study indicate that significant reductions 
in the weight penalties associated with propulsive settling could be real- 
ized; however, additional experimental verification of the analysis should 
be undertaken prior to utilizing this technique for vehicle design. Present 
plans call for an experiment which will generate this data to be included 
in a Space lab facility. 

PASSIVE - SCREEN DEVICES 


The idea of using the liquid retaining property of fine mesh screen 
materials (Fig. 1) to position liquids in a reduced gravity environment was 
introduced in the early 1960s. The first use of screen materials for liq- 
uid acquisition was to cover the propellant sump at the bottom of propulsive 
vehicle tanks. The liquid trapped in the sump was used to provide on-orbit 
engine restart capability regardless of the bulk liquid position In the tank. 
Once the engine ignited, the resulting thrust settled the propellants refil- 
ling the sump and allowing continued engine firing. This general class of 
liquid positioning device is commonly referred to as a partial acquisition 
system or start basket. 

For applications that require continuous feed of liquids under reduced 
gravity conditions, it Is necessary to design the liquid acquisition device 
so that it contacts the liquid bulk no matter where the liquid Is posi- 
tioned in the tank. These acquisition devices generally consist of a com- 
plete screen liner or multiple channels, generally with screen on one side, 
which are positioned circumferentially inside the tank. This general class 
of liquid positioning device is commonly referred to as a total communica- 
tion system. 

Screen Characterization . Although screened sumps performed their In- 
tended function flawlessly, a general lack of design Information existed 
for more complicated liquid acquisition device geometries. During the 
early 1970s the LeRC Initiated a program to establish fine mesh screen- 
liquid interaction characteristics with emphasis on extending the available 
design information to include the cryogenic liquids hydrogen and oxygen. 

The liquid retention capability of fine mesh screen materials is experi- 
mentally determined by measuring the resistance of the wetted screen to 
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penetration by vapor, commonly referred to as the screen bubble point. 

The screen bubble point is the pressure differential that must be applied 
across the wetted screen material to cause vapor to penetrate Into the 
liquid acquisition device and thus destroy Its liquid retention capability. 

In order to successfully design fine mesh screen liquid acquisition sys- 
tems, it Is necessary to account for all the sources of pressure differen- 
tial between the Inside of the acquisition device and the surrounding vapor. 
The objective of this analytical accounting procedure is to Insure that most 
of the liquid can be removed from the tank prior to penetration of the screen 
material by vapor bubbles. The pressure differential across the screen re- 
sults from the sum of the hydrostatic head In the reduced gravity environment, 
the liquid flow losses within the screen acquisition device and the flow loss 
through the screen material, and from external sources; for example, pres- 
sure variations caused by vibration. 

The first study in this area supported by the LeRC^ established the 
bubble point and flow losses both parallel and perpendicular to a variety of 
fine mesh screen materials using liquid hydrogen as the test fluid. Refer- 
ence 13 also contains an extensive catalog of types and supplier? of fine 
mesh screen materials. The program was later expanded to establish the ef- 
fect of transient liquid flow, such as would result from opening and closing 
valves in the outlet lines, on the liquid retention characteristics of screen 
materials.'^ The effect of vibration on the liquid retention characteristics 
of screen materials was experimentally established as reported I r, reference 
15. 


An interest In the fluid dynamic phenomena associated with the refilling 
of start baskets following engine ignition led to both experimental'® and 
analytical '7 studies of liquid Jet Impingement on screen materials. These 
two studies served as building blocks for the experimental evaluation and 
analysis of the refilling of a capillary device with settled fluid. The 
net result of this work was the development of a computer program, based on 
the successful correlation of the test data, that provides a useful start 
basket design tool.'® 

The Interest In cryogenic propellants adds an additional consideration 
to start basket design. For cryogenic liquids, heat addition to the propel- 
lant tank and ultimately to the liquid acquisition device Is Inevitable 
during prolonged orbital coast. Reference 19 presents the experimental re- 
sults of a program which determined the degradation of the liquid hydrogen 
bubble point for a variety of screen materials and heat fluxes; very little 
bubble point degradation was observed for heat fluxes up to 3000 Btu/hr-ft*. 
However, these tests were conducted with the screen material In direct con- 
tact with the liquid bulk on one side. Start baskets designed for cryogenic 
liquids will often have portions of the screen surface of the device exposed 
to vapor on both sides. Since evaporation will take place from the screen 
surface, the ability of the screen material to stay wet by wicklng liquid 
from those portions of the device In contact with the liquid bulk becomes 
important. The wicking characteristics of screen materials^ and multiple 
screens in combination with support materials^! have been experimentally 
established and analytically correlated. 

Start Baskets . During the past decade the Centaur vehicle has 
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periodically been considered for inclusion in the Space Transportation 
System as a high performance upper stage to be used In conjunction with 
the Shuttle. As part of the study effort intended to Identify required 
or desirable modifications to the Centaur, a comparison of propellant ac- 
quisition concepts was performed. ^ ' *22 j^ e existing Centaur hydrogen 
peroxide settling system was compared with several passive liquid acquisi- 
tion system concepts. Although the acquisition systems were specifically 
configured for the Centaur vehicle (Fig. 2), It is the author's contention 
that the general results of the study are applicable to any cryogenic upper 
stage of similar size. Specifically, the following conclusions were 
reached : 

1. Start baskets are the most attractive passive liquid acquisition 
system concept. 

2. Start baskets become more attractive than propulsive settling when 
multiple engine burns are required for a particular mission. 

3. The use of cooling coils on start baskets to prevent screen dry- 
out yields prohibitive weight penalties. Liquid evaporated from the screen 
surfaces of a start basket must be replenished by providing adequate liq- 
uid wicking paths. 

A. Use of start baskets rather than propulsive settling appears to 
be a viable option only if a heat exchanger, "subcooler", is used inside 
the start basket to provide the required engine feed system net positive 
suction pressure. 

Total Communication Systems . Many potential applications for the on- 
orbit storage and supply of cryogenic liquids have been identified by NASA. 

In contrast to the start baskets previously discussed, total communication 
systems are required for applications where supply of the cryogenic liquid 
is always under reduced gravitv conditions. 

Trade studies were performed to evaluate alternate total communication 
system configurations which could be integrated with cryogenic thermal con- 
trol systems. 1 3, 19 These studies led to the selection of two circumferential 
screen-channels to provide liquid acquisition and a vapor-cooled-shield for 
thermal control. A more detailed discussion of cryogenic thermal control 
systems appears in the following section. 

Using the screen-channel/vapor-cooied-shield concept, the McDonnell 
Douglas Corporation performed a preliminary design of the Cryogenic Fluid 
Management Experiment (CFMEl-3 which is a part of the Shuttle/Spacelab 
program. The specific objectives of this experiment are: 

1. To determine the ability of a thermal control system to isolate 
a screen acquisition system from heat addition (vapor formation). 

2. To determine the performance of a thermal control system in con- 
trolling tank pressure during extended storage periods. 

3. To determine the effects of outflow rate and pressurization mode 
on the ability to provide liquid on demand. 
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4. To obtain engineering data suitable to establish design criteria 
for subcritlcal cryogenic liquid storage and supply systems. 

5. To evaluate reduced gravity liquid quantity gaging devices. 

The detailed design, safety review and test program planning for the 
CFME (Fig. 3) are currently being conducted by the Martin Marietta Corpora- 
tion under LeRC Contract NAS3-2 1 591 - 

THERMAL CONTROL 

This portion of the LeRC fluid management program has as its objective 
the development of the required technology for the efficient design of 
thermal control systems for cryogenic tankage. A complete program would 
include evaluations of insulation systems, heat exchangers and pressure con- 
trol devices. In the past the LeRC was involved in the development and 
evaluation of insulation systems. The current LeRC program is primarily 
concerned with developing pressure control system technology with special 
emphasis on thermodynamic vent system concepts. 

MULTILAYER INSULATION 


Multilayer insulation (ML I ) systems composed of alternate layers of 
reflective foil and low conductivity spacer material have proven to be 
highly effective In minimizing heat addition to cryogenic tankage in the 
high vacuum environment of space. NASA's interest in developing a high 
performance, reusable cryogenic upper stage to be used in conjunction with 
the Shuttle has introduced concerns about the durability and reusability 
of ML I . 

2k 

A recent paper by Sumner and Barber provides a comparison of three 
"Reusable Insulation Systems for Cryogenic Earth-Based Space Vehicles." 

Two of the insulation systems were MLI while the third utilized hollow- 
glass-microspheres. One of the MLI systems, utilizing double-alumjnized 
mylar for the radiation shields, was designed, assembled and tested at the 
LeRC. The effects of repeated thermal cycling and estimates of insulation 
system weight, when optimized for a typical space mission, are presented 
for the three insulation systems. The two MLI systems had significantly 
better thermal performance and lower weight than the microsphere system. 
The MLI system tested at the LeRC initially had a slightly greater effec- 
tive thermal conductivity than the other MLI system, but showed signifi- 
cantly less performance degradation due to thermal cycling. 

PRESSURE CONTROL 


Direct Venting . The simplest technique for controlling cryogenic 
tank pressure is to install a vent line in the top of the tank and bleed 
off vapor as required. However, in space, with the absence of gravita- 
tional forces to separate the higher density liquid from the vapor, it is 
generally impossible to determine where the vent line should be Installed. 

Reference 25 presents the results obtained from a venting study con- 
ducted in the LeRC Zero Gravity Facility where only capillary forces were 
available for positioning the liquid. As can be seen in Figure 4, the 
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absence of any gravitational force causes problems even though vapor is 
Initially vented from the tank. As the tank pressure decreases, boiling 
takes place In the bulk liquid region; the resulting vapor bubbles expand 
and push the liquid toward the vent. Ultimately, the undesirable condition 
of dumping liquid would result. 

4 

For propulsive vehicles like the Centaur, the same settling rockets that 
are used to acquire propellants for on-orbit engine restart can be used to 
position the propellants prior to venting. This technique has the disadvan- , 

tage of utilizing settling rocket propellant for each vent cycle, thus re- 
ducing the vehicle's payload placement capability. Cryogenic tanks which 
have screen liquid acquisition systems cannot utilize direct venting for ' 

pressure control since only a portion of the liquid is contained in the ac- 
quisition device with no control over the remainder of the liquid contained j ; 

wi thin the tank. 

Thermodynamic Vent Systems (TVS) . Efforts to improve the performance of j 

propulsive stages and allow the use of screen systems in cryogenic tankage 
have introduced the concept of the thermodynamic vent system. TVS concepts ’ 

are particularly attractive when cryogenic payloads for the Space Shuttle are \ 

considered. Under many normal operating conditions and all abort modes, pay- 
load requirements cannot dictate Shuttle operations so settling to relieve 
tank pressure would be impossible. Thermodynamic vent systems should Impose 
no operating constraints on the Space Shuttle. 

In the TVS a small amount of the cryogenic liquid Is sacrificial ly evap- 
orated to offset the unavoidable heat addition to the tank. Cryogenic liquid 
is withdrawn from the tank and passed through a Joul e-Thompson valve with a 
reiultant pressure and temperature reduction. This cold two-phase fluid is j 

then Introduced into a heat exchanger where evaporation continues and heat 
absorption takes place before the resulting vapor is vented overboard. 

The heat exchanger is typically located either within the tankage insula- 
tion (vapor cooled shield) or inside the tank. In the first option, most of 1 

the incoming heat is intercepted before it reaches the^ liquid contained In 
the tank. In the second option, the cryogenic liquid and vapor In the tank 
are the heat exchanger hot side fluid. This fluid is cooled during operation i 

of the TVS, thus controlling the tank pressure. 

For the large cryogenic tankage typical of high performance upper stages, i 

the heat exchanger in the tank should have a lower weight than a vapor cooled J 

shield. However, this option introduces the additional requirement of cir- 
culating the fluid in the tank so that effective cooling can take place. \ 

I 

Two experimental studies were conducted in the LeRC Zero-Gravity Facll- ] 

ity to examine the effect of reduced gravity on the fluid circulation pat- 3 

terns in spherical^ and cylindrical^' tankage. Axial liquid jets were used \ 

to provide mixing of the liquid bulk or circulation of the simulated propel- 
lant over the tank walls. In addition to these two desired liquid flow pat- j 

terns, two undesirable liquid flow patterns were observed; geyser formation 
and liquid collection at the end of the tank opposite the jet exit (Fig. 5). 

The transitions between the four flow patterns were a function of the tank 
geometry, the liquid-jet velocity, the volume of liquid in the tank and the 
location of the tube from which the liquid jet exited. 
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Both TVS heat exchanger location options were considered during the 
cryogenic liquid storage and supply system trade studies. 13*19 For cryo- 
genic tankage like the CFME the pumps required for the Internal TVS are 
extremely small. Because of concerns over the ability to fabricate these 
small pumps as well as their reliability and performance, the vapor cooled 
shield TVS concept was chosen for this size application. It was recently 
suggested that the random acceleration environment in the Shuttle cargo bay 
may eliminate the need for a pump with the Internal TVS concept. Consequent- 
ly, a reevaluation of thermodynamic vent system concepts for the Cryogenic 
Fluid Management Experiment is currently underway as part of LeRC Contract 
NAS3-21935- 


FLUID TRANSFER 

Over a period of many years, NASA has been producing the technology which 
will be necessary for the development of large orbit transfer vehicles and 
manned space platforms that would remain permanently in space. The need to 
periodically replenish the liquid supply systems on these vehicles and space- 
craft led the LeRC, in the early 1970s, to include on-orbit fluid transfer as 
a part of the reduced gravity fluid management program. The specific objec- 
tive of this portion of the program is to develop the technology to permit 
efficient transfer of liquids from a supply tanker to a receiver vehicle or 
spacecraft while In the reduced gravity environment of space. 

28 29 

The "Low-G Fluid Transfer Technology Study", ’ mentioned earlier, pro- 
vided conceptual designs of supply tankers for the on-orblt fueling of an 
orbit transfer vehicle, the in-space resupply of another Shuttle Orb! ter and 
the orbital resupply of a variety of spacecraft. These potential supply 
tanker designs were used to help Identify technology gaps and system charac- 
teristics critical to both cryogenic and noncryogenlc on-orbit fluid trans- 
fer. The potential problem areas Identified included chilldown and subsequent 
filling of cryogenic receiver tanks without excessive liquid loss or pressure 
rise, filling of noncryogenic receiver tanks without excessive pressure rise 
or liquid loss and the complete filling of fine mesh screen Itquid acquisi- 
tion devices. 

TANK DRAINING 


Two experimental and analytical studies of reduced gravity draining from 
cylindrical tanks were recently completed at the LeRC. The. first of these 
studies-^ provides an analytical correlation of the experimental data which 
relates liquid residuals to the outflow rate and acceleration environment 
for heml spher i cal ly bottomed tanks. The second study3' presents experimental 
verification of an analytical technique which was developed to Indicate how 
tank outlets should be shaped or contoured in order to minimize liquid re- 
siduals. The contouring analysis was applied to the design of tanks that 
could be used for the on-orbit fueling of a cryogenic orbit transfer vehicle; 
the resulting contoured outlet dimensions for three combinations of accelera- 
tion environment and fluid transfer time are shown in Figure 6. Another re- 
cent analytical and experimental study was conducted at the LeRC to establish 
minimum liquid hydrogen levels required to prevent vapor ingestion in the 
feed line when restarting the Centaur engines In space.’ 2 

Several contractual efforts have been sponsored by the LeRC to develop 
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numerical techniques to study the reduced-gravity tank draining phe- 
nomena. 33-35 Tha last of these three studies resulted in the develop- 
ment of ar. exportable computer program utilizing the marker and cell 
technique which has been Installed on the LeRC Uni vac 1100 computer. 
Excellent agreement between the experimental results of reference 30 and 
the analytical results of reference 35 has been achieved. Although the 
current capability of this reference 35 program Is restricted to simula- 
tion of reduced-gravity tank draining phenomena, the basic analytical and 
computational method employed has the potential for being applied to a 
wide variety of fluid d/namic problems. 

RECEIVER TANK FILLING 


Two analytical studies of the on-orbit filling of tanks containing fine 
mesh screen total communication systems were completed In 1978. These two 
parallel studies differed In the proposed technique for filling tanks on- 
orbit and, thus, present different analytical solutions to the problem. 
Reference 35 analyzed a filling technique based on maintaining separation 
of the liquid and vapor phases within the receiver tank during the entire 
fill process. This technique allows direct venting from the vapor region 
to maintain acceptable tank pressure; however, extremely low liquid transfer 
flow rates are required In order that the stability of the tlquld-vapor in- 
terface is maintained. In contrast to the above "fluid dynamic" technique, 
reference 37 presw.^ts the analysis of a "thermodynamic" technique for the 
on-orblt filling of receiver tanks. The thermodynamic filling technique Is 
based on the concept of alternately chilling and venting cryogenic tankage 
until the receiver tank Is cold enough that the tank can be filled without 
venting. Pressurization following tank filling will subcool the bulk liquid 
and condense any vapor bubbles trapped In a fine mesh screen liquid acquisi- 
tion device. Noncryogenic tanks can also be filled without venting If rela- 
tively high pressure levels can be tolerated by the tanks. The thermodynamic 
filling technique analysis has recently been extended to include consideration 
of much larger propulsion vehicle tankage. 3B 

CONCLUDING REMARKS 


IN-SPACE EXPERIMENTATION 


During the 1970s the level of effort devoted to the LeRC In-house reduced 
gravity fluid management technology program has steadily declined. This 
decline can be partially attributed to NASA's reduced work force, but primar- 
ily resulted because meaningful research that can be conducted within the 
experimental size and test time limitations imposed by ground based facili- 
ties was nearly exhausted. The emphasis of the LeRC program is now directed 
toward the development of payloads for the Shuttle/Spacelab where larger ex- 
periments can be utilized and days of test time are available. 

A Spacelab "Two-Phase Fluid Research Facility" Is currently being con- 
ceptually designed by the General Dynamics Corporation under LeRC Contract 
NAS3~2!750. This facility will be designed to accommodate a variety of ex- 
periments intended to examine both fluid dynamic and thermodynamic reduced 
gravity physical phenomena. Specifically, for the first flight of this facll 
ity, experiments will be Incorporated to study propellant settling fluid 
dynamics, pool boiling heat transfer and two-phase forced convection boiling 
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for application to heat exchanger design. 

Two fluid transfer experiment conceptual designs are currently being pre- 
pared under contract to the LeRC. The two designs differ primarily in size; 
one will nearly require a dedicated Shuttle flight (General Dynamlcs/NA$3~ 
21935) while the second experiment can be accommodated on a single Spacelab 
pallet (Beech Al rcraft/NAS3-22260) . The pallet experiment is presently en- 
visioned to Incorporate the Cryog^.iic Fluid Management Experiment discussed 
earlier as the test fluid supply tank and has been designated the "In-Space 
Cryogenic Fluid Management Technology Facility" (Fig. 7). In addition to 
the previously discussed objectives of the CFME, this facility will provide 
engineering data and a capability demonstration for the transfer of cryo- 
genic liquids, thermal control cf both the transfer line and the receiver 
tank and liquid acquisition in the receiver tank following liquid transfer. 

LOW-THRUST CHEMICAL PROPULSION SYSTEMS 


Both NASA and DOD have forecast the need for large space structures to 
be placed In geosynchronous orbit. Deployment, assembly and checkout of 
these structures In the near vicinity of the Shuttle would allow manned in- 
tervention in the operations if operational difficulties should arise. How- 
ever, low earth orbit to geosynchronous orbit transfer of the totally func- 
tional large space structure will require low engine thrust levels to pre- 
clude damaging the deployed structure. Low-thrust chemical propulsion 
systems offer the potential of meeting this payload transfer requirement 
while providing total trip times on the order of a few days. 

These low-thrust chemical propulsion system concepts may require reduced 
gravity fluid management technology development In two areas: (1) thermal 

control of cryogenic propellants due to the long orbital storage times re- 
quired and (2) propellant supply to the engines due to the low acceleration 
environment even under full thrust. The Martin Marietta Corporation is cur- 
rently under contract (NAS3-2I95*) to the LeRC to provide a determination 
of total propellant requirements, an evaluation of insulation system con- 
cepts, a comparison of liquid acquisition techniques and an identification 
of technology requirements for low-thrust chemical propulsion systems. Cur- 
rent plans indicate that a major portion of the future LeRC reduced gravity 
fluid management program will be directed toward resolution of problems 
which might Impede the development of a low-thrust chemical propulsion sys- 
tem. 


REFERENCES 

1. Otto, E. W. : Static and Dynamic Behavior of the Liquid-Vapor Interface 

during Weightlessness. Chem. Eng. Prog. Symp. Ser. , vol. 62, no. 61, 
1966, pp. 158-177. 

2. Stark, J. A.; Bradshaw, R. 0 . ; and Blatt, M. H.: Low-G Fluid Behavior 

Technology Summaries. (CASD-NAS-7*-066, General Dynamlcs/Convai r ; 

NASA Contract NAS3- 1 781 A. ) NASA CR-13*7*6, 197*. 

3. Stark, J. A.; Leonhard, K. E.; and Bennett, F. 0., Jr.: Cryogenic 

Thermal Control Technology Summaries. (CASD-NAS-7*-067, General 
Dynamlcs/Convai r; NASA Contract NAS3~ 1 78 1 A . ) NASA CR-13*7*7, 197*. 

UNCLASSIFIED 


10 


UNCLASSIFIED 


£ 


k. Stark, J. A.; et a!.: Fluid Management Systems Technology Summaries. 

(CASD-NAS-7k-068, Generel Dynamlcs/Cor.valr; NASA Contract NAS3*1781k, ) 
NASA CR-13W, 197k. 

5. Albright, N.; et al.: Mathematical and Computational Studies of Equilib- 

rium Capillary Free Surfaces. (UC 1 0-3982 , California Univ.i NASA Order 
67705* C.) DOE/NASA/7^05-78/1 , NASA CR-1353k5, 1977. 

6. Albright, N.; Concus, P. ; and Karasalo, I.: Mathematical and Computa- 

tional Studies of the Stability of Axlsymmetrle Annular Capillary Free 
Surfaces. (UC 1 0-3983, California Unix-.; NASA Order 67705-C.) DOE/NASA/ 

7 **05*78/2, NASA CA-I353**6. 1977. 

7. Concus, P.; and Pereyra, V.: A Software Package for Calculating Axisym- 

metric Menisci. LBL-8700, Lawrence Berkeley Laboratory, 1978. 

8. Masica, W. J.; Derdul , J. 0.; and Petrash, D. A.: Hydrostatic Stability 

of the Liquid-Vapor Interface In a Low-Acceleration Field. NASA TN D- 
2kkk, 196k. 

9. Salzman, J. A.; and Masica, U. J.: Experimental Investigation of Liquid- 

Propellant Reorientation. NASA TN 0-3789, 1967- 

10. Salzman, J. A.; Masica, W. J.; and Lacovic, R. F.: Low-Gravity Reorienta- 

tion in a Scale-Model Centaur Liquid-Hydrogen Tank. NASA TN 0-7168, 

1973. 

11. Bradshaw, R. 0.; Kramer, J. L. ; and Zich, J. L. : An Analytical Study of 

Reduced-Gravity Flow Oynamics. (CASD-NAS-76-015, General Dynamics/ 
Convair; NASA Contract NAS3-I7839.) NASA CR- 1 35023. 1976. 

12. Sumner, I. E.: Liquid Propellant Reorientation In a Low-Gravity Environ- 

ment. NASA TM-78969, 1978. 

13. Cady, E. C.: Study of Thermodynamic Vent and Screen Baffle Integration 

for Orbital Storann and Transfer of Liquid Hydrogen. (MDC - Gk798, 
McDonnel 1 -Douglas Astronautics Co.; NASA Contract NAS3~158k6. ) NASA CR- 
!3kk82. 

Ik. Cady, E. C.: Effect of Transient Liquid Flow on Retention Characteris- 

tics of Screen Acquisition Systems. (M0C - G67k2, McDonnel 1 -Douglas 
Astronautics Co.; NASA Contract NAS3-19719-) NASA CR-135218, 1977- 

15. Tegart, J. R.; and Park, A. C.: Effect of Vibration on Retention Charac- 

teristics of Screen Acquisition Systems. (MCR-77-253. Mart 5 n Marietta 
Corp.; NASA Contract NAS3-20097.) NASA CR-!3526k, 1977. 

16. Symons, E. P.: Normal Impingement of c Circular Liquid Jet onto a Screen 

In a Weightless Environment. NASA X- 3k 15. 1976. 

17. Dodge, F. T. ; and Ricker, R. E.: Study of Liquid Jet Impingement on 

Screens. (SWRI-02-kk92, Southwest Research Inst.; NASA Contract NAS3- 
20086.) NASA CR-1 35260, 1976. 

UNCLASSIFIED 



11 



UNCLASSIFIED 

18. Blatt, M. H.; and Rlsberg, J. A.: Study of Liquid and Vapor Flow Into 

a Cantaur Capillary Oavlca. (GDC-NAS- 79~00 l , Ganaral Dynamics/Convair; 
NASA Contract NAS3-20092.) NASA CR- 159657, 1979- 

19< Cady, E. C. : Design and Evaluation of Thermodynami c Vent/Scraan 6aff1e 

Cryogenic Storage System. (MOC - G 5979 , McDonnel 1 -Douglas Astronautics 
Co.; NASA Contract NAS3-17801.) NASA CR-134810, 1975. 

20. Symons, E. P.t Winking of Liquids in Screens. NASA TN D-765'’, 1 97A - 

21. Blatt, M. H.; Pleasant, R. L.; ar.d Erickson, R. C.: Cantaur Propellant 

Thermal Conditioning Study. (CASD-NAS-76- 026, General Dynamics/Convair; 
NASA Contract NAS3-19693.) NASA CR- 135032 , 1976. 

22. Blatt, M. H.; and Walter, M. D. : Centaur Propellant Acquisition System 

Study. (CASD-NAS-75-023, General Dynaml cs/Convai r ; NASA Contract NAS3" 
17802.) NASA CR-13A81 1 , 1975. 

23. Cady, E. C. : Spacer's Cryogenic Propellant Management Experiment. 

(MDC - G6552, McDonnel 1 -Doug las Astronautics Co.; NASA Contract NAS3- 
19719.) NASA CR-1351^3, 1976. 

24. Sumner, 1. E . ; and Barber, J. R.: Reuseable Insulation Systems for 

Cryogenic Earth-Based Space Vehicles. Thermophysics and Thermal Con- 
trol, R. vtskanto, ed. , Progress In Astronautics and Aeronautics, Vol. 
65, American Institute of Aeronautics and Astronautics, 1979, pp. 275- 
294. 

25. Labus, T. L.; Aydelott, J. C.; and Amling, G. E.: Zero-Gravity Venting 

of Three Refrigerants. NASA TN D-7480, 1974. 

26. Aydelott, J. C.: Axial Jet Mixing of Ethenol In Spherical Containers 

Ourlng Weightlessness. NASA TM X- 3380 , 1976. 

27. Aydelott, J. C . : Axial Jet Mixing of Ethanol In Cylindrical Containers 

Ourlng Weightlessness. NASA TP-1487, 1979. 

28. Stark, J. A.: Low-G Fluid Transfer Technology Study. (CASD-NAS-76- 

014, General Dynanics/Convai r; NASA Contract NAS3-17814.) NASA CR- 
134911. 1976. 

29. Stark, J. A.: Low-G Fluid Transfer Technology Study, Executive Summary. 

( CASD-NAS- 76-0 1 7. General Oynamics/Conval r; NASA Contract NAS3-I7814.) 
NASA CR- 1 35020, 1976. 

30. Symons, E. P. : Draining Character I st Ics of Hemispherical 1y Bottomed 

Cylinders In a Low-Gravity Environment. NASA TP-1297, 1978. 

31. Symons, E. P. : Contoured Tank Outlets for Draining of Cylindrical 

Tanks in Low-Gravity Environment. NASA TP-1492, 1979. 

32. Symons, E. P. : Vapor Ingestion in Centaur Liquid-Hydrogen Tank. NASA 

TP-1061, 1977. 

UNCLASSIFIED 



UNCLASSIFIED 


33. Klavlns, A.: Vapor Ingestion In a Cylindrical Tank With a Concave 

Elliptical Bottom. (LMSC-D386845, Lockheed Missiles and Space Co.; 

NASA Contract NAS3-17798.) NASA CR- 1 35007, 1974. 

34. Blzzell, G. 0.; and Crane, G. E.: Numerical Simulation of Low-Gravity 

Draining. ( LMSC-D52 1 581 , Lockheed Missiles and Space Co.; NASA Contract 
NAS3-17798.) NASA CR- l 35004, 1976. 

35. Hotchkiss, R. S. : Simulation of Tank Draining Phenomena with the NASA 

S0LA-V0F Code. LA-8163-MS, U. S. Dept, of Energy, 1979. 

36. Cady, E. C. ; and Miyashlro, H. H. : Filling of Orbital Fluid Management 

Systems. (MDC - G7374, McDonnel l-Douglas Astronautics Co.; NASA Con- 
tract NAS3-21022.) NASA CR-159^05, 1978. 

37. Merino, F. ; Blatt, M. H.; and Thies, N. C.: Filling of Orbital Fluid 

Management Systems. (CASD-NAS- 78 -OIO, General Dynamlcs/Convai r ; NASA 
Contract NAS3-2102I.) NASA CR-159404, 1978. 

38 . Merino, F.; Riesberg, J.; and Hill, M. : Orbital Refill of Propulsion 

Vehicle Tankage. (GDC-URAD-80-001 , General Dynamics/Convai r; NASA Con- 
tract NAS3-21 360. ) NASA CR-159722, 1980. 


UNCLASSIFIED 


13 


)\ 1 




1 

! 

i i 



fji i 

' 1 

i " ; 

? 1 i 



t * i 

) * 

1 * . 
i • 

^ 1 : ! , 

i - ! , 

" . -% 

I * - * 

i 

• ... 

* ’ t j 


. 1 

r" - 1 

1 ! 

! 

: * • i 

— ■ -5*. 


j 'W 

» 

--a i - ! 

i . “ -T 


i 

-» • 

; - — s 

I 

- * -TV 

* i 



>■ ;7 ' 

, _ > 


— - . * >■ | ! !» 


__i v 'jj!i 


Figure 1. - 200x600 I willed weave dutch screen sample magnified 100 times. 
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Figure 2 . - Centaur liquid acquisition 
system interfaces. 
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